We show that axions and majorons can be a natural outcome in a 3-3-1 type model with right-handed neutrinos. We implement the breaking of their associated symmetries, Peccei-Quinn and Lepton number respectively, and study the phenomenological consequences. The main result of this work is that our majoron is invisible even though it belongs to a triplet representation.
Introduction
There is already a vast literature concerning the class of models with gauge structure, SU(3) C × SU(3) L × U(1) N , (3-3-1) [1, 2, 3, 4, 5] . In these models the anomaly cancellation requires a minimal of three families (or a multiple of three in larger versions). Besides, there is a bunch of new particles and interactions which make these models phenomenologically rich and attractive as an alternative to the Standard Model (SM).
If we assume that in the realm of intermediate energy there are no exotic leptons, then the 3-3-1 symmetry allows for only two possible gauge models for the strong and electroweak interactions. We refer to such models as version I and version II. The version I is the one suggested by PisanoPleitez and Frampton [1] . In this version the triplet of leptons is composed by (ν L , l L , l c R )
T . The version II is the 3-3-1 model with right-handed neutrinos [2] . In it the triplet of leptons is constituted by (ν L , l L ν c R )
T . The version I is the most popular one and the reason behind this resides in the possibility of testing several aspects of its phenomenology. For instance, version I contains exotic quarks with electric charge 4/3 and 5/3, and doubly charged gauge bileptons which prompt rare lepton decays. Another interesting feature of this version is that it implies an upper bound on the Weinberg angle, sin(θ W ) < 1/4.
Although the gauge group is the same for both versions, their physics can differ in many aspects [4, 5] . Regardless the properties already mentioned, the version I requires a minimal of three triplets and one sextet of scalars in order to generate the masses for all fermions and gauge bosons; version II does the same job with only three triplets (or even only two triplets [6] ). In place of the doubly charged gauge boson bileptons U ±± and exotic quarks carrying electric charges 4/3 and 5/3 in version I, we have the neutral gauge boson bileton U 0 and the usual electric charges of 1/3 and 2/3 for the exotic quarks in version II
1 . There are some nice aspects shared by both versions though, besides the fact that they require a minimal of three families in order to cancel anomalies. One of them is that in both versions neutrinos are naturally massive, with the difference that in version I neutrino are Majorana-type, while in version II neutrinos are Dirac-type. Besides, from their structure these models dispose of enough constraints upon the U(1) N quantum numbers leading to the correct pattern for electric charge quantization [7] . Another of these aspects is that also the Peccei-Quinn(PQ) symmetry and the leptonic symmetry emerge naturally in both versions and their scalar sector provides a simple implementation of the spontaneous breaking of such symmetries [8] .
Despite the fact that PQ symmetry as well as leptonic symmetries are of great interest for particle physics, since the first enables us to solve the strong CP problem, and the breaking of the leptonic symmetry leads to Majorana mass terms for neutrinos, both symmetries were scarcely developed in both versions of the 3-3-1 model [9, 10] . For example, the leptonic symmetry and its spontaneous breaking were not implemented in the version II yet. In what concerns PQ symmetry, an explicit implementation of its spontaneous breaking is missing so as to know what kind of axion emerges in both versions.
In view of this, in this work we implement the spontaneous breaking of both symmetries, and obtain their respective Nambu-Goldstone bosons discussing some of their consequences in version II of 3-3-1 models. We also show that the axion which arises in this version is a hadronic one. However the main result of this work is that the majoron that comes from the spontaneous breaking of the leptonic symmetry is very distinct from the usual one. Moreover, although it comes from a scalar triplet, we will show that it is invisible to the present experiments.
This work is organized as follows. In Sec. (2) we present the basic ingredients of the model necessary to assign lepton number correctly to the fields, keeping the whole Lagrangian invariant under the global leptonic symmetry. We then write the scalar potential obeying an extra discrete symmetry which will be used throughout this work. Next, in Sec. (3), we observe that the resultant Lagrangian presents an additional global U(1) symmetry that we identify as being the PQ after assigning the correct quantum numbers to the particles. We proceed by implementing the spontaneous breaking of the PQ symmetry and obtain its Nambu-Goldstone boson, popularly known as the axion. In Sec. (4) we carry the same analysis considering the leptonic symmetry and identify the majoron. In Sec. (5) we concentrate on the features of our majoron, recognizing it as a new kind of majoron since this is a hadronic one and comment about its phenomenological consequences. Finally, in Sec. (6), we present our conclusions.
The model
Our investigation on this work relies on the version II of the 3-3-1 models [2] . Its lepton content comes in the fundamental representation of the SU(3) L , composing the following triplet,
with a = 1, 2, 3 representing the three known generations. We are indicating the transformation under 3-3-1 after the similarity sign, "∼". In the quark sector, one generation comes in the triplet fundamental representation of SU(3) L and the other two compose an anti-triplet with the following content,
where a = 1, 2, 3 and j = 1, 2 both representing the different generations. The primed quarks are the exotic ones but with the usual electric charges. In order to generate the correct mass for all massive particles, the model requires only three triplets of scalars, namely,
with η and χ both transforming as (1 , 3 , −1/3) and ρ transforming as (1 , 3 , 2/3) . These completes the matter and scalar content of the model, allowing us to write the following Yukawa interactions,
After the breaking of the 3-3-1 symmetry the vector gauge bosons W ± , V ± , U 0 and U 0 † interact with matter as follows,
It is through these Lagrangian interactions, L Y and L CI , that we can recognize particles that carry lepton number L such that total lepton number is conserved. From these interactions we have
Notice that the new quarks, u ′ 3 and d ′ i are leptoquarks once they carry lepton and baryon numbers; V ± are charged vector bileptons while U 0 and U 0 † are neutral vector bileptons. We have also charged scalar bileptons and two neutral scalar bileptons, but we will be interested only in the last ones. The reason is that if we extend the lepton number conservation to the potential, when one or both of these neutral scalar bileptons develop a vacuum expectation value (VEV) we are going to have spontaneous breaking of the lepton number, leading to a Goldstone boson, the majoron, as we will see in Sec. (4) .
With the lepton number distribution given by Eq. (6), we can build the most general potential that conserves lepton number endowed with an additional discrete symmetry, χ → −χ 2 ,
In the next section we are going to use this potential to recognize the existence of an extra global symmetry, the PQ symmetry, and afterwards develop the vacuum structure which will break it to generate the axion.
Spontaneously broken PQ symmetry
It is suitable to note that the above potential has the striking feature of providing an extra global symmetry U(1) with the three triplets of scalars transforming in the following way by this symmetry: η , ρ , χ ∼ (1). The symmetry can be extended to the entire Lagrangian turning it a symmetry of the model. To accomplish this the multiplets of matter must transform as
under the new U (1), with all other multiplets not transforming at all. The advantage of having this extra symmetry is that it can be identified with the PQ symmetry [11] , which might potentially provide a solution to the strong CP problem in the context of 3-3-1 model [8] 3 . This realization of PQ 2 Observe that the Yukawa Lagrangian in Eq. (4) is in accordance with this symmetry when the right-handed leptoquarks transform as, u
Notice that there is an interdependence between PQ symmetry and leptonic symmetry in the sense that the discrete symmetry χ → −χ alone is not sufficient to avoid trilinear symmetry in 3-3-1 was first observed by P. Pal in Ref. [8] . Pal also recognized that such a scenario was not realistic once the spontaneous breaking of this PQ symmetry implied a Weinberg-Wilczek axion type [12] , already ruled out phenomenologically. He then suggested some changes in the model so as to keep the strong CP problem solution. These changes include a decuplet with nontrivial couplings. However Pal did not explicitly developed the scalar sector in order to point what kind of axion the model provides.
In view of this, in this section we just want to address this issue further, showing that the axion in this model is of the hadronic type, meaning that it couples only with the quarks of the model without any leptonic coupling. We can easily see that by identifying the axion which emerges from the spontaneous breaking of PQ symmetry. The remaining of this section is dedicated to this, although it serves only as a set up to introduce the scenario for the majoron in the next section.
Let us consider that only χ ′0 , ρ 0 and η 0 , develop VEV's and expand such fields around these values in the standard way,
We have also to take into account the constraints coming from the imposition that no transition occurs between scalar fields at tree level,
Considering the expansion given in Eq. (9) and using these constraints, we can use the potential in Eq. (7) to obtain the following mass matrix, M 2 R , terms like ηηρ and χχρ which violate the PQ symmetry. These trilinear terms are absent only when lepton number conservation is imposed.
for the CP-even scalars,
This mass matrix is not easy to be handled, however we can straightforwardly identify the following massless scalar in it,
In what concerns the pseudo-scalars (CP-odd), we get the mass matrix,
The diagonalization of this matrix gives four massless pseudo-scalars
and one massive pseudo-scalar
. From this spectrum we can recognize R G , I G 1 , I G 2 and I G 3 as the Goldstone bosons that must disappear in favor of mass generation for the massive gauge bosons. The Goldstones R G and I G 1 are eaten by the neutral gauge boson bileptons U 0 and U 0 † , while I G 2 and I G 3 are eaten by the standard neutral gauge boson Z 0 and the additional neutral gauge boson Z ′0 .
The remaining Goldstone boson can be easily identified with the axion of this model, A = I η , which is a Weinberg-Wilczek type axion. From the Yukawa Lagrangian Eq. (4), we see that this axion interacts with quarks only, and we call it a hadronic one. As we already mentioned, this type of axion cannot be realistic and some mechanism has to be devised if the solution of the strong CP problem is to be maintained. We are not going to develop this possibility further, but instead we give up the strong CP problem solution by introducing an explicit breaking of PQ symmetry. For this reason, no discrete symmetry need to be imposed on the model, so that the potential in Eq. (7) allows for a trilinear term like,
which explicitly breaks the PQ symmetry. Since f has dimension of mass, this term gives a mass for the axion around the scale of the VEV of η, some hundreds of GeV. The remarkable thing is that, according to the assignments in Eq. (6), lepton number is conserved even with the addition of this term, and we can explore the consequences of its spontaneous breaking. We do this in next section.
Spontaneous breaking of the lepton number
Although the trilinear interaction we added above breaks explicitly the global PQ symmetry, we recall that the model still presents another global symmetry, i.e. the leptonic one. The existence of this symmetry forbids neutrinos of having a Majorana mass term. As there is evidence that neutrinos are massive [13] and possibly Majorana-like [14] , there is a strong motivation to also implement the breaking of lepton number. Such breaking can be either spontaneous or explicit. In the first case, a Goldstone appears in the spectrum which is called majoron, in the second case a massive scalar emerges in the spectrum. The most interesting case is the first one, since a majoron that comes from a multiplet can have appealing cosmological and astrophysical consequences [15] . This 3-3-1 model can lead to the spontaneous breaking of the leptonic symmetry through non-vanishing values for the VEV's of either χ 0 or η ′0 , or both. For sake of simplicity let us develop the case where only η ′0 develops a VEV. Expanding η ′0 around its VEV, v η ′ , in the usual way,
together with the expansion in Eq. (9), we can obtain the new constraints equivalent to those in Eq. (10), taking into account the trilinear interaction term, Eq. (16),
Notice that the second and third constraints imply the relation
which avoid the presence of dangerous tadpoles with R χ ′ which stem from the terms λ 7 (χ † η)(η † χ) and f √ 2 ǫ ijk η i ρ j χ k in the potential. The above constraints and the potential, plus the new trilinear term, allow us to obtain the mass matrix M 2 R for the neutral CP-even scalars in the basis (
(20) Although the diagonalization of this matrix can be extremely tough, one can straightforwardly check that it yields a null eigenvalue by writing the secular equation for its determinant. This information is all that we need to detect the number of Goldstone bosons among these real scalars.
For the pseudo-scalars we have the following mass matrix,
This matrix furnishes one massive pseudoscalar
of mass m
ρ , where we have used the short form h = v
χ ′ , and other four massless pseudo-scalars,
Then we got a total of five massless neutral scalars. The real massless scalar and the pseudo-scalars I G 1 , I G 2 and I G 3 are the Goldstones of the theory which become the longitudinal components of the massive gauge bosons U 0 , U 0 † , Z 0 and Z ′0 . The important result of this section is that we end up with an extra massless pseudo-scalar, J = I η ′ , that decouples from the other scalars and carries two units of lepton number. This pseudoscalar is in fact a majoron since it emerges from the spontaneous breaking of the lepton number global symmetry.
The invisible triplet majoron
As we saw, the majoron is a massless pseudo-scalar originating from the spontaneous breaking of the lepton number global symmetry. This is possible in extensions of the SM possessing at least an additional multiplet of scalars. Majorons that belong to either a triplet [16] or a doublet [17] can interact with neutrinos and charged leptons, being severely constrained by astrophysical, cosmological [15] and laboratory data [18] . Let us clarify how these phenomenological data disfavor the usual majoron models. The reason majorons which are not singlet are in general discarded is related to the Z 0 invisible decay rate [18] . The origin of the problem comes from the astrophysical bounds on the VEV that breaks the lepton symmetry, by demanding that triplet or doublet majoron scenarios develop a VEV around KeV in order to avoid too fast cooling of red giants [15] . This constraint is derived through Compton scattering to majoron, γ + e → e + J. Then, the neutral real scalar partner of the majoron, let's call it R J , gains a mass of order of KeV, contributing therefore to the Z 0 invisible decay Z 0 → R J J [18] . This kind of situation is not allowed, since the invisible Z 0 decay rate is well explained by three neutrinos and this majoron decay is adding up to increase this rate. For this reason a successful majoron model is expected to have such a scalar embedded in singlets only [19] . What we are going to argue next is that this may not be the case for our majoron.
The main features of our majoron are shared with the usual ones, except that in our case it does not interact with leptons. Instead, it interacts with quarks and leptoquarks only, as can be seen from Eq. (4), and we can then classify it as a hadronic type of majoron. This not only puts this majoron on a different level, since it can escape the phenomenological bounds above mentioned, but it certainly will present a very distinct phenomenology. ¿From a naive numerical analysis of the mass matrix in Eq. (20), by substituting the VEV's which would naturally generate the correct fermion masses with the Yukawa couplings of order one, we have that the dominant contribution to the mass of the R J is proportional to v η ′ . This is the crucial point which makes our scenario a privileged one. As our majoron does not couple with leptons, its VEV is free of red giant cooling bounds [15] . This means v η ′ can be chosen to be close to the other vacua, v η and v ρ , which get values around few hundreds of GeV. Then the decay Z 0 → R J J [18] is kinematicaly forbidden implying that our majoron is invisible. In what concerns other astrophysical bounds, our lepton-majoron coupling appears at the level of effective couplings, similar to the coupling of singlet majoron with charged leptons [19] . Then, all the astrophysical bounds on such coupling are trivially satisfied [15] .
In general the main signal of majorons is through the decay of a lepton into another lepton plus a majoron. This is clearly not the case in our scenario. Instead, we would expect the main signal being the decay of a leptoquark into a quark plus a majoron with a decay rate Γ = h 2 mq 16π for leptoquarks much heavier than ordinary quarks. In this rate m q stands for the mass of an ordinary quark, while h represents the strength of the interactions appearing in Eq. (4) among leptoquark-quark-majoron. Our majoron may be probed in colliders through the process e + + e − → J + J. The contributions to this process come from the Yukawa interaction terms among leptons and the triplet ρ and the term proportional to λ 6 in the potential. Thus we finally get the following approximate cross section for the process e + + e − → J + J:
where M ρ 0 stands for the mass of the neutral component of the triplet ρ given by Eq. (3) and √ s is the center of mass energy for the reaction. The cross section above is in fact rather small since it is proportional to the second power of electron mass and should be significant only at the resonance mass, M ρ 0 , where it can be surveyed through missing energy in e + e − annihilation. We now briefly discuss the consequences of v η ′ in the context of the model. Besides the appearance of an invisible majoron, another important consequence of v η ′ =0 is the possibility of flavor changing neutral currents (FCNC) among quarks intermediated by scalars. However such FCNC will involve many yet unconstrained parameters so that any quantitative prediction we may pose now is pointless. There are other complications arising from this nonzero VEV, as the mixing among leptoquarks, u ′ and d ′ i , and the ordinary quarks [6] . These mixings are something annoying since quarks with charge We finalize this section showing that the breaking of the lepton number through v η ′ engender Majorana mass for the neutrinos. One can see this by noticing that when η ′0 develops a VEV, the Yukawa interaction h abfaL e bR ρ together with the term λ 9 (η † ρ)(ρ † η) in the potential, generate Majorana neutrino mass through one loop as depicted in Fig. (1) . In a naive approximation such loop provides the following Majorana mass term
where m l stands for the mass of the charged lepton involved in the loop. It has to be stressed that the contribution given by Eq. (25) by itself is not enough to obtain the desired pattern of neutrino mass and mixing required by recent experiments. However, this is not the issue in this work and we just wanted to point out that the breaking of the lepton number through v η ′ = 0 leads, as expected, to Majorana mass for the neutrinos.
Summary and conclusion
We investigated global symmetries and studied their spontaneous breaking and possible consequences in the 3-3-1 version with right-handed neutrinos.
The first global symmetry studied was the PQ symmetry. It was pointed out by P. Pal that the model naturally presents the PQ symmetry, allowing to solve the strong CP problem. However Pal did not work out the potential explicitly in order to implement the spontaneous breaking of the PQ symmetry, and then was unable to specify the axion and its particular features. We complemented his work by implementing the spontaneous breaking of the PQ symmetry in this version of the 3-3-1 model. Then we identified our axion as being a Weinberg-Wilczek one of the hadronic type, since it interacts only with the quark sector. We also found that this axion decouples from the other scalars. As the usual Weinberg-Wilczek axion, ours is also ruled out. We then broke the PQ symmetry explicitly by adding a trilinear term in the potential.
With the addition of the trilinear term we noticed that another global symmetry could emerge if η 0′ also develops a VEV. We identified this symmetry with the leptonic one, after assigning appropriate lepton number to scalars and gauge bosons. In this case, the most general scenario would be one where χ 0 develops a VEV as well, since it also carries two units of lepton number, but we did not consider this possibility for simplicity. As expected, we obtained a majoron. The majoron here is the pure I η ′ which decouples from the other scalars. It has to be emphasized that our majoron belongs to a triplet in the 3-3-1 model. However, in the context of the SM extensions with scalar triplets, and considering experimental results on the Z 0 invisible width, it is well known that this kind of majorons are phenomenologically ruled out. The main result of this work relies on the fact that although this is true for many models, in our model the majoron is a hadronic one, coupling only with the quark sector, which makes it possible to escape the ordinary astrophysical bounds on its associated VEV. This, followed by the fact that in our model the majoron partner can have a mass of order of hundreds of GeV, leads to a triplet majoron which is invisible in what concerns the Z 0 decay rate. We have then obtained a viable triplet majoron model.
